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Abstract 


The purpose of thes eto asses the spatialdistibutlonof ocean wave parameters and thelr correlation andanomulles 
inthe Bay of Bengal (BoB) using about 40 years of ERAS reanalysis data Collected data were analyzed by using geographic 
Informution system (G1) and computer programming languages. {tis revealed that higher values of SWH (250-258) 
dominated the central southern ad south-western BoB during June-August. The monthly cimatological mean of MSS and 
[ca are ranged from 0-0.013 and0.0006-00016 respective in the study area WSP were higher (10-31-1084m/3)nsouth- 
Western BoB during June-August. Tn i higher (14.23-1102s) during April-September in southern and south-eastern BoB. 
LLower'Tm (236-2735 is found in western and eastern Bo SWH, WSP, Tm MSS and Cd have unfolded sigficant impact on 
each othr during mostof the month Strong anomaly has been reflected inthe SWH WSP, andi during Mase Apel 
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Abbreviations: OTSR: Optimum ‘Tiacking of Ship 
Routes 10: Indlan Ocean; Ca Cooiclentof Drag: MS: Mean 
‘Square lope; SWH: sgnfieant Wave Heights; CDS: Chats 
Data Stores WSP: Wind Speed: ECMWF: European Centre 
[br Medium-Range Weather Forecasts; CAMS: Copernicus 
‘AmosphereMonitoringServiee:GIS:Geographic information 
‘Sjstem; Bol: Bay of Bengal 


Introduction 


A proce knowledge and proper understanding of 
long-term pattern and climatological analsls of ocean 
‘wave on regonal and loal scales plays an exigent role In 
‘arous apllatons, such as coastal and ocean engineering, 
physial oceanography, climate projection marine Weather 
brecasting coastal morphodynamles, sustalnmble eoastal 
zone mangement, shipping routes, marine expbtation, 
Imarine industry, development of marine envionment and 
the planningaf marine operations and the marine sty 


etn sl ent fen Wine ame ep ng EAS ese 


[1.5] Information on ocean surface waves is necessary ir 
aval operation ar warkre, rescue operations, optimum 
‘wadking af ship routs (OTS), design and development 
of harbors, wate climate assessment and reereation [SL 
‘The Investigation on wave climate Is very applicable a= 
4 reference forthe aseessnent of wave energy resource 
evebpment [7] Aschangeinwaveclinatelsoneat the most 
fessent Indletor of change In pattern of wind, sea surface 
‘temperature and pressure, tvest¥gation on lng-term trend 
{wave clinate has profound Importance [8] Therefore, 
study on the long-term variability of wave parameters 
‘uch wave height, square slope and perlod Is essential fr 
‘sich apllcations treme ocean wave heights an provoke 
‘coastalsa level extremes and flooding cause destruction 10 
‘coastal structures and therefore to reduce such risk, proper 
Understanding of ocean wave beght varity is must 
needed [O]. Winds blowing over the sea sure generate 
Surface waves playing an important rle in the ai-sea 
Interaction process ina coupled ocean-atmospbere system, 


ne erage 


‘and PC-ARS (Intergvernmental Panel on Climate Change 
Fith Asessment Report) emphasized the importance of 
‘wind-waves asthe playa ital role i the wansfer af energy 
‘eros the at-sea terface 


Long-term study and proper presentation of wave 
‘lmate requlres about 30 years of datasets [10] and long 
term data for wind and waves provide an opportunity to 
derstand the interannual, inta-seasonal and deeadal 
‘arabbity [21 


Important ocean waves data such a significant height 
‘of combined wind waves and swell (SWH, mean period of 
‘combined wind waves and swell (Tm) mean square slope of 
‘waves (MSS) coefficent of drag with waves (C4), and ocean 
Surface stress equivalent 10m neutral wind speed (SP) are 
Investigated in ths study Cis type of counteraction dus to 
the atmospheric exertion of waves where MSS and standard 
spe of combined wind and swl waves ae connected to 
teach other MSSand Cd are both dimensionless paraieters 
my. 


HoB experience coexistence of wind seas and swells 
[sL-Weathersystm of BoB divided Into three eategores: 
4) far weather oF pre-monsoon period from February t0 
May, b) southwest or summer monsoon period from June 
to September and northeast or past-monsoon period from 
‘Onober to January, where the Se-state of surtice waves 
‘uring the lr weather period is usually calm (11,13) 
‘Changes in wave heght inthe BoB arouse upgraded toplcal 
‘gelone activity In June July and August during the Inlan 
onsoon [9]. Bol {swore vulnerable to topleal cyclones, 
Bring ove the Ray with primary maximum In Oetaber 
November and December and secondary maxiaum during 
‘Apriland May, can cuselargenter-annualvaratons in wave 
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parameters [10,1415]. BoB i an aea of spat variation In 
‘wave dnt. Due to sheltering of Sr Lankan sand surface 
‘waver inthe southern Boldo not each the major part the 
Southeast coast [16] andthe south-western HoB have low 
‘wave heght compared tothe northern BoB [3]. 


Sever attompts have been made In order 10 study 
the pattern and variability of ocean wave climate tn the 
Indian Ocean region associated with BoB. Sreebkshii 
And Bhaskaran [1] stulled regional wise charactrise of 
Significant wave height fr the Indlan Ocean (1) based on 
space bore measurements (1992-2016), ERAS (1992- 
2018) and NCEP WWII global run (1997-2018) Kumar <t 
[9] examined seasonal extreme significant wave beighte 
{Swi inthe 10 over the period 1957-2010 ut ERA- 
20C reanalsts dita Sadhulthan, etal. (7] cartied out a 
‘comprehensive analyss of long-term wave climate inthe 
‘Western BoB, based onthe distribution of siguleant wave 
‘eight using monthly averaged satelite and WAM modal fr 
20 years (1995-2015). Gupta, ta. [27] investigated dipole 
Dehaviour in maximum siulcant wave height and mean 
Significant wave height over the Southern Indian Ocean, 
‘sing 24 years of stale altimeter data (1992-2015). Patra 
And Bhaskaran [11] analyzed the temporal varabllty In 
‘domain averaged wind speed sgnficant wave heght, using 
‘elie altimeter data (1992-2012) and mean wave period, 
‘ing ERA Interim (1992-2012) and ERA20C (1992"2010) 
‘ver the head Bol region, 


Materials and Methods 


‘The study ano, Bol, whlch is a northern tended ara 
ofthe Indian Oeean located between tudes 'N and 22"6 
and longitudes 20°E and 1OOTE occupyingan area of sbout 
2:2 millon ka [18 


‘lgure 1: Location ofthe Study Area, the Bay of engal- 


Aan an Ae cya Stel Dri of ran Wa Framers the 


epee Ato and Alam 


‘oyetngl ang A este a ee Ueno gs, 3) 00030 


ERAS hourly data of ocean wave parameters on single 
levels fom 1979 £02019 forthe Bo are wed in thi stud. 
Data ae avallable In Copernicus Climate Change Service 
‘Ginate Data Store (CDS) website [19] The fit generation 
reanalysis data, which Is named ERAS, dlstrbuted by 
European Centre for Mediumange Weather Forecasts 
(ECMWE) with higher spatial and tempor resolution 
(Figure) AL 


Data are analyeed spatially n monthly perspective by 
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using python serpts in CDS Toolbox, R and AreMap 105. 
Spatial tend and anomaly of ocean wave parameters are 
presenta in image format n order. 


Results an 


Discussion 


Spatial distribution of the ocean wave parameters in 
‘monthlyelmatlogialperspecte,and heir corrdaton and 
‘Iomnalles In the BoB have been cared ou Inthe research 


(tablet), 


=e Tighest Value of Gimaton Towest Value of Climatological Mean 
Sw _[_WwsP_[_ Mss ‘SwH_[_wsP_[_Mss_[ca_| Tw 
Tanuary [462 [774 | aone | woo | aa2s [02 | 207 [0 | wane [236 
Februay [its | —a56 [anne | gon [1936 [014 | 209 | 0 | none [236 
March —[-1a[—a42| 005 [oon | w0-74 [as [212 | 0 | nme | 237 
‘api | 156 [07 | ooos[aoor | ir2s_| oa] 215 | 0 | anoos [24s 
may | z22-[a06 | 001 | ooors [arr _|_oa7 [223 | 0 | oo007 | 261 
use| 256 | ross _[~aors | ooors_[~azo7|oas [23 | 0 | 0007 | 262, 
jwy [255-1049 | oors | -aooig | anos [ote | 227 [0 | aooo7_| 267 
Tugst_[-25 [wor] oor | ooois [ars | oar [221 | 0 | 0009 _| 275, 
Gepumber [229952 | oorr | -aoors | ros [~os—| air | 0 | aoooe [202 
‘Oetober [19 [477 -a007 | oooni_| 10.76 | oar [208 | 0 | none | 262, 
November [isa _|_472 | ao06 | aon | 1027 | 01 | 203 | 0 | 0006 [2a 
Decewnber [463 -[ 737 | a007 | aooar[ 19.15 [a1 [203 [0 | none [3 
‘able 1: Highest ValseoT Monthy Chmatological Meanot Wave Parameters 


‘ony Clg eas f Sica Hee 


a 


Figure 2 Spatial distribution of SWHL 


(1) fom 1979-2019 nthe Bot, 


WH 6 higher nue (258m) July (255), and August 
(250m) found in central southern and south-western Bo. 
SWH is more than 2m found in May and September Lower 
‘WH (0-10-0.179m) is found in eastern and western Bol 
fr every month. Higher salves of WSP are found In June 
(Goss m/s) July (10495) and August (10317) in south- 
‘western BoB while ower WSP Is found in northern, eastern 
‘andsouth-eastern BoB, DuringSeptember-October western 
BoB boing dominated by lower WSP The range of monthly 
values of HSS and Cd in the Hol are between 0-0013 and 
(00006-0.00165 respecte. North-western HoB during 
March-April southwestern BoB during January-February 
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and May-Oaober; and western Hof! during November 
December arebeing dominate by hgh Cand MSS dueto the 
strong posite inluence of WSPHighestvalue of Tin 11235 
Isrevealed in southern and south-eastern Bolt during Apri 
Tm between (1103-11-14) i abo found in southern BoB 
uring May- September: Lower values (232-273) of Tm are 
found In western and eastern BoB during every month due 
to lower SWH. March Apriland May have indcatd strong 
anomaly inthe ocean wave parameters In most years and 
itis due tothe Influence of ropa eyelones (TCS) actvty 
In the BoB as TCs suniieantly provoke variation In wave 


Parameters inthe HoB [20,1415] (Fgures2-68 Table 2, 


ae ‘Correlation Retween Parameters Value off 
at SWHAWS? [SWHETm | SWHACA | SWHANSS | WSPAGI | WSPANSS | CHEMSS | 
Tama 08 055 087, 095, Zz 097 097 | 
Februay ‘ox 069) oss H 096 096 
March 039 m2 a 7 r oH 092 
‘Ail 023 078. 025 ‘Oat r 096 097 
ay a7 os 058 om a9 097 196 
Te ‘ous oss 07 o 099) 98 096] 
Tal as tar O78 091 199 197 196] 
August mm os as 091 099) 097 096 
Bpiember ‘osz 085 ‘os 09 T 097 097 
‘Datober 7 a7 oa Tae T 196 196 
November ‘58 6 58 076 r 96 95 
Decenber Oe ro} O75 oa r 097 a95—] 


‘Tale 2: Correlation between Oeaan Wave Parameters 


Tae na 9-305 


Figure 3 Spatial distribution of WSP (m/s) fom 1979-2019 in the BoB. 


Ahan an Ae och a Stel Daton 


‘oye ngl ang RA este a cng ss 2, (3) 0020 
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‘nthe tayo Bene om 1977-200 
Figure 4Spatial distribution of Tm (from 1979-2019 In the Bok 


‘Moothy Mean Pring uf Cubed Wind Waye and Swell Canutatgiel Mea (6) 


they af ena rom 179-3019 
‘gure S:Spatial distribution of from 1979-2019 inthe Hob 


tan Alm Munya pat Dutton fa in Parameters he 
‘eyeglass eng qs, 3) 0030 
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Monty Mean quar Sle of Was Cala Mean athe Bay of Bengal rom 1978-2019 
‘igure 6: Spatial distribution of MSS from 1979-2019 in the ot, 


‘Conrdations of the parameters (SWH, WS? Ti, MSS, 
and Ca) according to Pearson's method are developed in 
this study: SWH and WSP have revealed strong positive 
‘correlation for every month except March-April while SWH 
‘nd Tin havea revealedstrong postive correlation during 
‘Gch month WSPand MSS WSP and Cas Wellas MSSand Cd 
‘have develope perfect positive corrdation or every manth, 
WH with MSS and CA have alo showed strong positive 


sewn) 


conelation during most ofthe month. The anomaly inthe 
SWH, WS, and Tin varies between -040 and 0.38, 1.80, 
and 154, and~1.04and L11 respective). Maximum positive 
an negative anomalies of SWH and WAP are und during 
May. 1985 and April, 1987 respectively whe maximum 
postive and negative anomalies af Tm ae observed during 
September 2019 and September, 2003 respectivdy [20] 
(Figures7-90). 


‘Figure 7:Correition benween WSP (1/5) nd SWH (1) January 


cand Alm Munya pat Dutton in aramaters he 
‘oyetengl ang RA este a nog qs, (3) 000300 
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relation between WP (y/) and SWH (a) ln March 


Figure 10: Creation between WSP (m/s) and SW (a) in Api. 
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Figure 


Figure 13:Corrlaton between WS? (n/5}andSWH (2) in Jay 
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Figure 14:Correlaton between WS? (1/5) andSWH (1) in August. 


Figure 16:Correlation between WSP (m/s) andSWH (1) in October. 
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Figure 17:Corraton between WSP (m/s) andSWH (1) Novernbe. 
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Figure 20: Correlation between WSP (n/5} and SWH (1) In February. 


Figure 21:Corrdaton between SWH (x) andi (3) March 


Figure 22: Corelaton between SWH (a) and Tm (ein Apri 
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Figure 22: Correlation between SWH (1) and Ts) in May. 


Figure 24:Corrdation betweenSWH (m)andTm (2) mune | 


Figure 25: Correlation between SWH (m) and Ta (5) infu 
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‘igure 27: Coreltion between SWH () and Tins) ln September. 


a 


‘igure 28: Corelation between SWH (m) and Tn (2) in Octobe. 
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Figure 31:Corrdation between WSP (ys) and MSS January 
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Figure 34: Corelation between WSP (1/5) and MSS n Apel. 
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Figure 36: Correlation between WSP (m/s) and MSS in June 


ay 


Figure 27: Correlation between WSP (m/s) and MSS in july 


Aan an Ae och Stal Duron of ran Wave Framers the 
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Senanbar 


Figure 39: Coreltion benwean WSP (1/5) and MSS in Septam ber 
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Figure 41: Corraton between WSP (m/s) and MSS In November 


Figure 42:Corrdation between WSP (m/s) and MSS n December. 


Figure 43:Correaton benween WSP (1/5) nd Clin Jan ary 
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Figure 44: Correlation between WSP (m/5} andl n February 


Figure 45: Correlation between WSP (1/5) nd Clin Mach 


na 
i a 


Figure 46: Correlation between WSP (mn/s)andCdinApriL 


Aan an Ae ech a Stal Dion of ran Wa Params the epee Ate and Alam 
‘oye tngl ang RA este a nog gs, (3) 000208 
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‘Figure 47; Corelaton between WSP (m/s) and Cn May. 


igure 48: Correlation between WSP (m/s) and Cain une 


sy 


‘igure 49: Corrlation htween WSP (m/s) and Canal 


Aan an Ae och Stel Dion of ran Wa Framers the pee Ato and Aa 
‘eyeglass Ong gs, 3) 0030 
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Figure 51: Corrdation between WSP (n/5} and Ca in Septamber 


Figure 52: Corrlation between WSP (m/s) nd Cn Daher. 


Aan an Ae och Stalin of ras Wa Framers he pee Ato and Alam 
‘oyengl ang RA este Da nog gs, (3) 00308 
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‘Plgure 53: Correlation between WSP (m/s) and Gn November 


Figure 54:Corraton between WS? (m/s) and Clin December. 


Figure 55: Coreltion between Cd and SS In January 
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Figure 58:Correation benween Cdand MSS In Apr. 
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Plgure 61: Correlation etween Cand MSSIn uly 


Aan an Ae och a Sel Dron of ran Wa Framers the epee Ato and Alam 
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Figure 642Cordaton benween Cdand MSS in October 


Aad Rand Alam W Nota pasion of ean Wi Prater he epee Ate and Aan 
‘oye tngl ang RA ese a Weng gas, (3) 000 
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Figure 65:Corrdation between Cdand MSS November. 


Figure 66: Corraton between Cand MSS In December. 


senuay 


‘Plgure 67: Correlation het ween SWH (mand MSS In january 
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Figure 6: Corrdaton benween SWH (m) and MSS in February 


Figure 69: Corrdlation between WH (anand MSS in Mare 
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Figure 72: Correlation between SWH (m) and MSS injuy 
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Figure 74: Coreltion between SWH (my) and MSSin August. 


Figure 75: Correlation between SWH (m) and MSS n September. 


Figure 76: Correliton between SWH (m) and MSS in October. 
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Figure 77:Corraton between SWH (i) and MSS in Novernber. 


Figure 79: Correlation between SWH (m) and in January. 
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Figure #1: Correlation between SWH (m) and din March 


Figure #2: Corrdation between SWH (in)andCdin Apri 
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Figure 88: Coreltion between SWH (a) and Cin May. 


shine 
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Figure 4: Correlation between SWH (m) and Cn une 


Figure 85: Coreltion between SWH (m) and Cin Jy 
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Figure 86: Corrlation between SWH (an)andCain August 


‘Figure 87:Corelation between SWH (1) and Gd in September. 


Figure ta; Correlation between SWH (um) and Calin October. 


Conclusion 


Monthly climatalogial mean of the wave parameters 
spall perspective and thelr anonaly and correlation have 
been revealed throughout this research. It unfolded that 
SWH, WSP. Tm MSSand Cdare lose interlinked. The values 
{TSW and WAP archigher during jne-August Central and 
‘Southern Hol ae the regions of high SWH.WSP donates 
the south-western Bol SWH Ishigher Insouth-westera Bol 
(due to higher WS? for altiost every month; but ln caee of 
Mareh-April high WH dominate the northwestern Bove 
to the postive inluence of WSP. The Western and Eastern 
Bollare the regions of lower Tm in mast ofthe months 
and MSS are strongly controlled by WSP and SWH in most 
prtsof the BoB, 


As the knowledge of long-term clinatologeal analysis 
fof ocean waves as profound sigifiance on applied 
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‘igure 89: Corelation between SWH (mn) and Cin November. 


Figure 90:Corraton between SWH (i) and Cdn December. 
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‘eceanogpleal sectors and any change in one parameter can 
‘Signiicnly afc the other, was essential to carry outthe 
Investigation regarding these parameters Decoding 40 years 
‘fdas, andthe anajsisandvisualzation wasa challenging 
Job during this researeh. The challenge i overcome with 
the halp of python scrips In CDS toolbox, Rand AreMap 
Software Author like to declare that there f'n conflict of 
Imrest and no funding was taken frm any organization or 
th researe, 
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